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Abstract 
We report near infrared (NIR) linear birefringence measurements on shaped and surface finished Czochralski (CZ) - 
grown silicon ingots. The linear birefringence was measured using a commercially available NIR system. All 
measurements were done with the NIR beam configured parallel to one of the <100> directions of silicon. Stress-
optic coefficient values of silicon were used to calculate the residual stress from phase retardation values. Two-
dimensional scans were performed along flat surface, i.e. the crystallographic [001] and [010] directions. Examples of 
both, higher and lower stressed Si ingots are presented. Due to the large diameter of silicon ingots, stress resolution 
and stress detection limits are much enhanced for ingots than for silicon wafer. Phase retardation measurements for 
most ingots showed only low stress distribution of <30kPa. However, some ingot sections show stress as high as 
nearly 1.0MPa. 
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1. Introduction 
Silicon (Si) based solar cell technology dominates the commercial photovoltaic (PV) market.  Even 
with the significant drop in the price of PV grade Si in recent years, the world supply of Si seems to be 
steady. The cost of Si for the substrate material is one of the most significant cost factors in the 
production of Si solar panels.  Material losses of up to several percent occur throughout the 
manufacturing process, mostly due to stress and defects that arise during the crystal growth process.  
Stress in Si crystals remains undetected long into the fabrication process, until ultimately the end product 
(finished cell) fails, or its performance is severely compromised.  In this paper we report our results of 
applying linear birefringence measurements on shaped Si crystal ingots.  We believe this is a promising 
technique to detect stress in Si early in the solar cell fabrication process before subsequent processing 
costs are incurred.  
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2. Instrumentation
The measuring instrument used in this study is an Exicor birefringence measurement system based on 
photoelastic modulator (PEM) technology [1-3]. The Exicor system was first developed in the late 1990s
for measuring residual birefringence in high quality optical components [4,5]. Since its introduction, the
Exicor system has been applied successfully to several industries as both a quality control tool and a 
research instrument, including measuring stress birefringence in photomask blanks and lens blanks for 
optical lithography [6-8], measuring lenses used in lithographic step and scan systems [9], measuring
angle dependent linear retardation in compensation films used in liquid display devices (LCD), and
measuring residual birefringence in substrates for flat panel displays [10]. The instrument used in this
study represents an extension of the Exicor technology to a new industrial application in the near infrared
(NIR) spectral region.   In this instrument, we use diode lasers operating at either 1310 nm or 1550nm to
measure stress birefringence in Si crystals.  This instrument demonstrates has a higher accuracy and
resolution than an earlier reported NIR birefringence measurement instrument as outlined below [11].
The NIR Exicor system contains three modules as shown in Fig. 1.  The polarization modulation 
module contains a laser at 1310nm or 1550nm, a calcite polarizer and the first PEM (PEM-100 II/FS42,
fused silica, 42 kHz, Hinds Instruments).  The middle module is a computer-controlled X-Y stage where a 
sample is mounted for measurement.  Below the sample, the detecting module contains the second PEM
(PEM-100 II/FS47, fused silica, 47 kHz, Hinds Instruments), another calcite analyzer and a Ge-
photodiode detector with variable gain.
The electronic signal generated at the detector contains the combined frequencies of the two PEMs
used in the setup.  We process the detector signal using three lock-in amplifiers to demodulate the
electronic signals simultaneously for measuring stress birefringence. 
Fig. 1. (a. left) Block diagram of a dual PEM-single detector stress birefringence polarimeter. (b. right) Basic setup to perform stress
measurements on shaped 156mmx156mm ingots 
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We have previously presented the theoretical analysis for this instrument optical configuration [3,8]. 
We provide here a summary of the key equations.  The symbols used in the following equations are 
defined as follows: 
 
  and : the retardation magnitude and angle of fast axis of the sample; 
 1 and 2: the angular modulating frequencies of the two PEMs; 
1 and 2: the time varying phase retardation of the two PEMs ( 1 = 1osin 1t and 2 = 
2osin 2t); 
 1o and 2o: the peak retardation amplitudes of the two PEMs; 
 I0: the light intensity after the first polarizer;  
 K: a constant of transmission efficiency of the optical system after the first polarizer; and 
 J0, J1 and J2: the 0th, 1st and 2nd order of Bessel functions. 
 
The averaged light intensity reaching the detector, or the DC signal, is:   
2
0KIVDC          (1) 
where we set the PEM peak retardation of both PEMs at 10 = 20 = 2.405 radians so that J0( 10) = J0( 20) 
= 0.  
 
The three, PEM modulated signals (AC signals) that are useful for measuring linear birefringence are:    
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Each of the AC signals is measured by the use of a lock-in amplifier.  The corrected ratios of the AC to 
the DC signals are:   
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The linear retardation magnitude and angle of fast axis of the sample are expressed as:
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where , represented in radians, is a scalar.  When measured at a specific wavelength (i.e. 1310 nm), it 
can be converted to retard nm rad·1310
Equation (4.2) gives retardation values from 0 to .  When the light source is a 1310 nm laser, the
upper limit of converts to 655 nm.  When the actual retardation in a sample is between and 2 (655 to 
1310 nm), the instrument still reports a value between 0 and (0 to 655 nm) with the reported angle of 
fast axis shifted by 90o.  A light source with a longer wavelength will give a higher upper limit for 
retardation measurements.  To resolve multiple orders of retardation, a light source with multiple
wavelengths is required.
The working principle and technical performance of the Exicor system have been thoroughly tested
and reported [3,8,9,12]. We show here three sets of data in Figs. 2-4 to demonstrate the technical
performance of this NIR instrument.  Fig. 2 displays a typical data set that represents the measurement 
repeatability of this instrument.  For this repeatability test, we measured 1000 data points at a fixed
position on a NIR linear retarder.  Each data point is the averaging result for 1 second.  The data shown in
Fig. 2 has a mean of 424.12 nm, a standard deviation of 0.03 nm, and
indicates an extremely high stability for this instrument.  Fig. 3 illustrates a typical data set of 1000
measurements without a sample, which represents the noise level of this instrument.  The variation shown
in Fig. 3, about 0.05 nm, is primarily due to small fluctuations in room temperature when the data were
taken.  In all Exicor systems, we correct this drifting problem by software offset corrections [4]. 
Fig. 2. A typical data set representing instrumental repeatability,
mean: 424.12 nm; standard deviation of 0.03 nm; measuring
wavelength: 1310 nm.
Fig. 3. A typical data set representing instrumental noise level;
standard deviation of 0.02 nm; measuring wavelength: 1310 nm.
The principle for calibrating the accuracy of the instrument was described previously [8,13]. We 
typically use a Soleil-Babinet compensator for the accuracy test.  A Soleil-Babinet compensator [14] is
essentially a variable retarder, the value of which changes as one of its wedged crystals is moved by a
linear micrometer.  Fig. 4 depicts the measured results for both retardation magnitudes (blue dots) and 
angles of fast axis (red squares) of the compensator as we change its micrometer settings.
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Fig. 4.  Accuracy test data at 1310 nm using a Soleil-Babinet compensator 
(blue dots: measured values for retardation; red squares: measured angles
of fast axis; linear fit for the first half: solid line; linear fit for the second
half: dashed line)
As seen in Fig. 4, the measured retardation data in each half of a full wavelength (1310 nm) form a
nearly perfect linear relationship with the micrometer readings.  The linear fit equations of the measured
data in the two halves have almost identical absolute values of the slopes.  The intersection point of the
two fit straight lines is nearly identical to the half-wave value of 655 nm (well within 0.5%).  Notice that 
the instrument reports retardation values below with the fast axis switched by 90o for an actual retarder 
between and 2 , as pointed out earlier in the theoretical analysis section.  In practice, the 90o shift of 
measured fast axis angles in the second half of a full wavelength is used to extend the measurement range
from half-wave to a full-wave.  We will take advantage of this phenomenon to interpret experimental
results in the following sections.
Finally, we have noticed numerous publications reporting stress birefringence measurement of Si
material. Several papers are listed here as references [15-19]. Most of them are focusing on measuring
wafers and thin plates but not Si ingots with a diameter of 8 inches.
3. Results
The test ingots were cut from p- grown Si crystals. Their resistivity ranges 
from 1.5 to 2.5 cm. The as-grown ingots were shaped into 156mm x 156mm pseudo squares.  The
surfaces of a squared ingot were finished using a grinding process.  2D maps of stress birefringence were
obtained for several squared Si ingots using the NIR birefringence measurement system.  Most of the data 
shown in this paper were measured at the wavelength of 1310 nm.  Some comparison measurements were
taken at 1550 nm.  All 2D scans were performed on the flat surface formed by [001] and [010] directions
of Si crystal with the measuring beam being parallel to the [100] direction.
To calculate stress from measured linear retardation, we use the stress-optic law:
BCt
(5)
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where is the differential stress (in MPa); is the linear retardation (in nm); t is the thickness of the
sample (in mm); and CB is the stress-optical constant (in Brewsters or 10-12 Pa-1; CB = 24 for Si(100) as an 
average of four reported values) [16].
Fig. 5c shows a single line of data from the 2D map.  At the measuring wavelength of 1310 nm, the
measured raw retardation values are all below 655 nm, as shown in Fig. 5c by squares. Using the
measured angles of fast axis, we obtain the correct retardation values for data points greater than 655 nm,
as shown in Fig. 5c by dots.  As seen in Fig. 5c, only data points on both ends of the ingot where the 
angle of fast axis shifts by 90o need to be corrected.  The calculated residual stress is plotted in Fig. 5d for 
the same line of data. The stress values for this sample (0.1 to 0.2 MPa) fall in the mid-range among the 
samples that we have measured.
Furthermore, the fine structures seen in the 2D retardation map can be described as a curved striation
pattern flattening out from the left to right, superimposed by surface induced stress fields on both cut ends
of the ingot. The stress fields that are related to the as-cut end surfaces of this sample indicate that
additional stress has been induced or released during the cutting process. This induced stress has
exceeded the reversible limit to its original state after the cut. Note that no stress fields were imposed 
from the flat sides, i.e. the finished surface sides.
Fig. 6a depicts the 2D retardation map for a unique segment of a Si ingot (about 310 mm in length). 
The false color retardation image indicates multiple orders of retardation along the crystal growth 
direction of the ingot and, therefore, this ingot shows a much higher level of residual stress than the
previous sample.  Figs. 6b and 6c illustrate, respectively, the measured raw retardation and calculated
stress values for a line of data in the middle of the 2D map.
Fig. 5. (a. top-left) 2D linear retardation map of a 156mmx156mm squared Si ingot with a length of 300mm; (b. top-right) an 
expanded portion of the left end of 5a to show the 90o shift in measured fast axis when retardation is above half-wave; (c. bottom-
left) numerical values of measured (squares) and corrected (dots) linear retardation for a line of data from the 2D map; (d. bottom-
right) numerical values of calculated stress for the corrected data.
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Fig. 6. Top to bottom: a. 2D linear retardation map of stressed Si ingot (156mmx156mmx300mm); b. line data for measured 
the horizontal axis.  Each data point represents a 1 mm spacing.);
c. calculated stress; and d. bowing of Si wafers produced from the same ingot.
Fig. 5a depicts the 2D map of linear retardation measured for an ingot section that was cut from the
center of a CZ-grown crystal.  In a 2D retardation map, we use color to represent the magnitude of linear 
retardation and we use a short bar to represent the angle of fast axis in each data cell. Fig. 5a, while
revealing some fine structures, appears relatively uniform overall with some increase in retardation values
on the ends.  An expanded view of its left end is shown in Fig. 5b, where we see increased retardation 
values and a 90o shift in measured fast axis angles in many rows of data.  The 90o shift in measured fast 
axis angles indicates that the actual retardation values are higher than 655 nm. This was verified by 
measuring the same sample at 1550 nm to take advantage of the higher retardation limit of 775 nm of the
longer wavelength source.
Moving in crystal growth direction from right to left, the 2D map starts with retardation values that are
low and uniform, increases significantly and continuously as concave-curved striation patterns form, and
finally develops into more complicated patterns of multiple orders of retardation. The appearance of the
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pronounced concave-shaped pattern and its evolution to a rather complex stress distribution indicate 
enhanced defect densities due to radial stress relaxation towards the outside.   
Shown in Figs. 6b and 6c, from right to left, the measured raw retardation values start low, which 
right end of the Si ingot.  The measured raw retardation values then go through several cycles from 
roughly 0 to 655 nm between data points #50 and #210.  Using the measured angles of fast axis, we can 
convert the measured raw retardation values to corrected retardation values, then to stress in MPa.  As 
seen in Fig. 6c, the stress increases almost continuously from 0.1 MPa at 50 mm (from the right end of 
the Si ingot) to about 1.4 MPa at 210 mm.  The stress remains fairly constant around 1.4 MPa after data 
point #210 for the last portion of the Si ingot close to the left end. We assume this is the region where the 
stress exceeds a certain threshold and dislocations are multiplied, e.g. Frank Read mechanism, and 
therefore excess energy is released due to slip.  
We have sliced this ingot into wafers of thicknesses around 200um.  Fig. 6d shows the average bow of 
these wafers with respect to their axial position in the crystal.  We can clearly see a correlation between 
stress and wafer bowing.  The current data suggest that 0.5 MPa may be a conservative parameter to use 
for Si crystal quality control purpose.     
In another study, we used this instrument to measure the stress birefringence in a joined Si ingot.  A 
fully grown Si ingot is usually cut into segments having a pre-determined optimal length. These are then 
shaped for wire-sawing into raw solar wafers.  Often there are left-over segments that are shorter than the 
optimal length for wire-sawing.  These shorter segments are usually joined together with adhesive to form 
the optimal length for the grinding and sawing process.  Fig. 7a illustrates the 2D retardation map of two 
joined, dislocated parts from Si ingots. Both Si ingot segments show birefringence patterns that are 
similar to the left portion of Fig. 6a where the Si crystal has lost structure.  Notice that such a result may 
not be surprising because the ends of Si ingots are usually low in quality, particularly in terms of stress 
birefringence. 
We further notice from Fig. 7a that there is a distinct multi-order birefringence pattern around the joint 
of the two Si segments.  We separated the two segments by removing the adhesive and we then re-
measured 2D retardation map of one of the segments.  The 2D retardation map of the segment on the right 
is shown in Fig. 7b.  Although the pattern has changed somewhat, the main features of the high, multi-
order birefringence pattern are still there.  We think that a permanent stress field has been introduced 
from the gluing process of the two ingot segments.  This induced stress exceeded the elastic limit of 
silicon and led to crystal defects, which can be measured as high, multi-order birefringence around the 
joint.  With the assistance of the NIR birefringence measurement system, we could improve the gluing 
process to reduce the level of stress on the ends of a Si ingot.   
In retrospect, stress birefringence measurements would have revealed the high residual stress and 
dislocation density in these two segments. As a consequence both ingots would have never entered 
subsequent wafer production processes.      
  
Fig. 7. (a. top) 2D retardation map of two Si segments (156mmx156mmx300mm each) joined together by adhesive; (b. bottom) 2D 
retardation map of the right Si segment after removing the adhesive. 
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4. Conclusions 
We have shown that the NIR Exicor linear birefringence measurement system can be used to measure 
stress in shaped, monocrystalline silicon ingots.  It can useful as a laboratory research instrument or for 
quality control in production.  Mapping of stress birefringence is a promising technique to measure stress 
in shaped and surface-finished CZ-grown Si ingots.  We find that stress above 0.5 MPa in Si ingots could 
result in strong wafer bow thus severely lowering the quality of a wafer.  We plan to refine this 
instrument and stress data analysis technique for Si wafer yield enhancement and mechanical failure 
prediction. 
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